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The Caldes de Boí geothermal waters show important differences in pH (6.5–9.6) and temperature (15.9ºC–52ºC) 
despite they have a common origin and a very simple circuit at depth (4km below the recharge area level). These 
differences are the result of secondary processes such as conductive cooling, mixing with colder shallower waters, 
and input of external CO2, which affect each spring to a different extent in the terminal part of the thermal circuit. 
In this paper, the secondary processes that control the geochemical evolution of this system have been addressed 
using a geochemical dataset spanning over 20 years and combining different approaches: classical geochemical 
calculations and geochemical modelling. Mixing between a cold and a thermal end-member, cooling and CO2 
exchange are the processes affecting the spring waters with different intensity over time. These differences 
in the intensity of the secondary processes could be controlled by the effect of climate and indirectly by the 
geomorphological and hydrogeological setting of the different springs. Infiltration recharging the shallow aquifer 
is dominant during the rainy seasons and the extent of the mixing process is greater, at least in some springs. 
Moreover, significant rainfall can produce a decrease in the ground temperature favouring the conductive cooling. 
Finally, the geomorphological settings of the springs determine the thickness and the hydraulic properties of 
the saturated layer below them and, therefore, they affect the extent of the mixing process between the deep 
thermal waters and the shallower cold waters. The understanding of the compositional changes in the thermal 
waters and the main factors that could affect them is a key issue to plan the future management of the geothermal 
resources of the Caldes de Boí system. Here, we propose to use a simple methodology to assess the effect of those 
factors, which could affect the quality of the thermal waters for balneotherapy at long-term scale. Furthermore, 
the methodology used in this study can be applied to other geothermal systems.
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InTRoduCTIon
Alkaline geothermal groundwaters in granitic rocks 
have been studied over decades from different points 
of view as potential geothermal energy resources or as 
natural analogues of nuclear waste repositories. A number 
of studies have focused on the hydrogeochemistry and 
the characterization of equilibrium conditions at depth 
providing valuable information about these systems (see 
for example, Michard and Fouillac, 1980; Michard and 
Roekens, 1983; Fernández and Banda, 1989; Michard, 
1990; Alaux-Negrel et al., 1993; Auqué et al., 1996, 1997, 
1998; van Middlesworth and Wood, 1998; Druschel and 
Rosenberg, 2001; Gimeno et al., 2007; Asta et al., 2012).
In this study, the geothermal alkaline system of the 
Caldes de Boí spa resort has been studied. This spa resort 
occupies a surface area of 24 hectares and contains a vast 
extension of gardens where a total of 37 mineral water 
springs (20 of them have been included in this study) of 
different chemical compositions can be found. Some of 
the springs are located in the resort gardens, although the 
majority of them have been channelled over to the spa’s 
treatment building. They are thermal waters with emerging 
temperatures between 15ºC and 52ºC, very low total 
dissolved solids (0.04–0.35g/L) and pH values 6.5 to 9.6.
The geological setting, the geochemistry and 
geochemical modelling of the processes occurring in the 
Caldes de Boí thermal waters (including geothermometrical 
calculations), have been reported in earlier studies 
(Corominas, 1978; Albert et al., 1979; Auqué, 1993; 
Auqué et al., 1996, 1997, 1998; Moreno et al., 1997; 
Buil et al., 2002, 2006; Asta et al., 2010). According to 
these studies, the Caldes de Boí thermal waters have the 
typical features of most thermal alkaline waters present 
in granitic rocks (Michard and Roekens, 1983; Michard 
et al., 1986; Sanjuan et al., 1988; Michard, 1990). These 
thermal waters circulate through a deep hydrological 
circuit which branches off in different springs in the final 
stretch. Although the waters show common chemical 
characters, there are some differences affecting mainly 
the pH and temperature values. These differences have 
been attributed to the effect of secondary processes during 
the thermal water’s ascent (mixing with cold waters and/
or conductive cooling), and to the CO2 exchange with 
soils and atmosphere (Auqué, 1993; Asta et al., 2010 and 
references therein).
A considerable part of the appeal of many spas rests 
in the springs’ status as natural phenomena (Atkinson 
and Davison, 2002) and its maintenance requires a 
sustainable use of the thermal water preserving the water 
temperature and the water quality in order to be used for 
balneotherapy practices. To identify potential threats to 
the water quality of Caldes de Boí thermal waters over 
time (e.g. mixing with superficial cold waters) data over 
more than 20 years have been collected and a classical 
and simple geochemical methodology similar to that 
presented by Auqué (1993) and Asta et al. (2010) has been 
applied. This methodology allows evaluating the effect of 
the aforementioned secondary processes on the chemistry 
and temperature of the thermal waters by using different 
ion-ion plots and geochemical modelling calculations. 
Furthermore, the geochemical calculations presented here 
are useful to evaluate the potential precipitation of mineral 
in the spa installations, which could cause high costs; 
and to adopt suitable actions to mitigate it. Therefore, 
the aims of this research are: i) to evaluate the potential 
effect of additional factors (such as the seasonal climate 
and the spring geomorphological setting) in the changes 
observed in the hydrochemistry of the different thermal 
waters with time; ii) to assess their influence on the thermal 
waters modifying their composition and temperature, 
affecting to their quality for balneotherapy and causing 
mineral scaling; and iii) to propose monitoring practices 
to maintain the sustainability of the spa resort. With these 
objectives, reported data of IGME (1984), ENHER (1985), 
Buil et al. (2002), Asta et al. (2010) together with the data 
corresponding to a sampling campaign carried out by the 
authors of this paper in 2008, were studied. 
In summary, this research provides a simple 
methodology to evaluate the vulnerability of thermal 
waters at a long-term scale when the system is affected by 
external factors. Furthermore, it could be used as a basis 
for the evaluation of the exploitation, management and 
development of thermal water resources. 
GeoloGICAl, hydRoGeoloGICAl And ClIMATIC 
SeTTInGS
The Caldes de Boí geothermal system is associated to 
the Hercynian plutonic complex of La Maladeta, which 
is located in the central sector of the Axial Zone of the 
Pyrenees (North of Spain; Fig. 1). La Maladeta plutonic 
complex consists of two main units, the Aneto Unit, in the 
western part, dominated by sienogranites and the Boí Unit, 
in the eastern part and dominated by graniodiorites and 
monzogranites. These two units are separated by a ductil 
shear zone (Noguera-Ribagorzana milonite zone) and the 
Caldes de Boí springs emerge through the Boí Unit.
La Maladeta pluton intrudes into Cambrian-Ordovician 
and Carboniferous sedimentary formations (De Sitter, 
1959; De Sitter et al., 1960; Kleinsmiede, 1960; Zandvliet, 
1960; Mey, 1965, 1968; Zwart and Roberti, 1976; Vinchon, 
1977; Zwart, 1977, 1979). All these sedimentary rocks 
are metamorphosed by a low-grade epizonal regional 
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metamorphism (greenschist facies) (Charlet, 1972; Charlet 
and Dupuis, 1974; Charlet, 1977; Bourke, 1979; Delgado, 
1993; Arranz, 1997) and a contact metamorphic aureole, 
over the regional metamorphism, extends also around the 
complex (Charlet, 1972, 1977; Charlet and Dupuis, 1974; 
Bourke, 1979; Delgado, 1993; Arranz, 1997).
The most striking structural feature of La Maladeta 
massif related to the geothermal springs is its dense 
fracture network. Apart from the Noguera-Ribagorzana 
milonite zone that divides the plutonic complex into 
the two units, there is an important number of fractures 
and shear zones affecting La Maladeta massif. These 
fracture systems enhance the subsurface permeability 
and exert a great influence on the development of this 
geothermal system. The fractures are mainly related 
to the Alpine orogeny and show preferred orientations 
NE-SW and NW-SE (see Fig. 1). This intense network 
favours a slow deep infiltration of the water through 
continuous vertical fractures enhancing the development 
of the geothermal system and acting as the main water 
flow paths (Fig. 2). The recharge area corresponds to 
the region of the Gémena lakes, at 2,350m of altitude, 
and it is located close (at a distance of 3 to 4km) to 
the emerging zone (Buil et al., 2002). The reservoir is 
thought to be very deep, around 4,200m, calculated from 
the temperature at depth obtained by geothermometrical 
methods and the geothermal gradient of the area 
(Auqué, 1993; Buil et al., 2002). The residence time of 
the thermal waters was calculated to be very long (about 
16,000 years based on the 14C data; Buil et al., 2002, 
2006). The circuit is thought to be U-shaped (Fig. 2) due 
to the short separation between recharge and discharge 
areas (3–4km) and to the great depth of the reservoir 
(4km below the recharge area level). This feature has 
also been described for other thermal systems in the 
Pyrenees (e.g. Luchon, Chevalier-Lemire et al., 1990; 
Cauterets, Soulé, 1990) and in other granitic geothermal 
systems (e.g. Druschel and Rosenberg, 2001).
The Caldes de Boí geothermal waters undergo 
conductive cooling during their rise to surface conditions 
through the granite fractures. This cooling is about 60°C 
taking into account that the reservoir temperature has been 
calculated to be around 110°C (Auqué et al., 1998) and the 
emerging temperature range of the waters is from 15.9ºC 
to 50.0°C (Fig. I, Electronic Appendix available at www.
geologica-acta.com). Apart from the conductive cooling, 
other processes are believed to have been occurred in 
the thermal system such as i) mixing with shallow colder 
water and ii) CO2 exchange with soil or atmospheric 
environments. These processes have been found to affect 
the pH and the temperature of the thermal waters and, to 
less extent, their chemical features (Auqué, 1993; Asta et 
al., 2010).
The study area is geomorphologically located in 
a narrow glacial valley with steep slopes (Fig. 3). Till 
deposits cover the bottom and hillsides of the valley. 
These sediments consist of a basal till material with a 
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FiGure 1. Location of Caldes de Boí geothermal system and geological map of La Maladeta massif (modified from Arranz, 1997).
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high content of clayey matrix (>50%) and are associated 
with glaciofluvial deposits. Some periglacial sediments 
are also present on the slopes. The morphology of the 
latter favours the presence of landslide deposits such as 
debris fans and talus slopes that usually cover the glacial 
deposits. It is remarkable the existence and preservation 
of fluvial terraces in the valley, mainly constituted by 
gravels, pebbles and some boulders, often with imbricated 
disposition, and sandy matrix (Vilaplana, 1983).
The climate of the region is alpine with continental-
mediterranean influences. The mean annual temperature 
is 7.3ºC and the mean annual rainfall is 1,157mm year-1 
(Ninot and Ferré, 2008). Most of the precipitation falls in 
the autumn and spring. The summer is relatively dry (with 
occasional rainstorms; mean summer rainfall of 345mm 
year-1; Ninot and Ferré, 2008), as is the winter when 
snowfalls alternate with long anticyclonic periods (López-
Moreno and García-Ruíz, 2004).
MeThodoloGy
 Sampling and analytical methods 
Data compiled by the Spanish Geological Survey 
(IGME, 1984), by a local hydroelectric company 
(ENHER, 1985), by Buil et al. (2002), by Asta et al. 
(2010) and unpublished data from a 2008 geochemical 
sampling field campaign, were used in this study (see 
Tables I to VI in the Electronic Appendix, available at 
www.geologica-acta.com). The geochemical data were 
checked for their appropriate sampling and analytical 
methodologies. Only samples with in situ determination of 
pH and temperature and well documented sampling and 
analytical methodologies, were considered here. Then, the 
charge balance error for the reported analyses (calculated 
with PHREEQC; Parkhurst and Appelo, 1999) was also 
checked and in the majority of the selected spring waters it 
was lower than ±10%.
The only unpublished data correspond to the more 
recent sampling campaign, carried out by the authors of 
this paper, and a summary of the methodology used is 
described below.
Water pH and temperature were measured in the field 
and the water samples were taken in HCl-pre-washed 
polyethylene bottles rinsed, afterwards, three times with 
double-distilled water. Polyethylene bottles of 1,000ml 
were used for anions and 100ml bottles for cations 
analysis. Samples for cations were filtered through 0.1μm 
(MILLIPORE filters previously cleaned with ultra pure 
nitric acid) and then preserved with HNO3 to pH less than 
2. Water pH was measured using two different portable 
pH-meters with automatic temperature correction, an 
ORION 250A and an ORION 8155SC. One calibrated 
with pH buffers, 4.0 and 7.0, and the other with pH buffers 
7.0 and 10.0. Temperature was measured with the probe 
connected with the pH-meter. The estimated measurement 
errors for pH and temperature were ≤0.03pH unit and 
±0.5ºC, respectively. 
Inductively Coupled Plasma Optical Emission 
Spectrometry (ICP-OES) was used in order to determine 
the concentrations of major cations (Na, K, Ca) and silica 
and Inductively Coupled Plasma Mass Spectrometry 
(ICP-MS) for the determination of Mg concentration. 
The detection limits were: 0.05mg/L for Na; 0.1mg/L for 
K; 0.06mg/L for Ca; 0.06mg/L for SiO2 and in the order 
of 1μg/L for Mg. The error was estimated to be below 
5%. Within 24 hours after sampling total alkalinity was 
analysed by volumetric titration with H2SO4 0.02N and 
potentiometric determination of final point at pH 4.5. The 
determination of Cl- and F- concentrations was performed 
by ion-selective electrodes and SO42- concentrations were 
measured with a spectrophotometer using a turbiditic 
method with Ba. The average measurement error for all the 
reported analytical results is less than 5%.
Interpretative methods: ion-ion plots and geochemical 
modelling
Following the methodology used by Auqué (1993) and 
Asta et al. (2010, 2012) the springs selected to represent 
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FiGure 2. Simplified sketch (not at scale) of the main hypothesised 
features of the Caldes de Boí hydrothermal system.
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non-thermal, thermal and mixed waters were evaluated by 
the analysis of binary correlation between elements with a 
conservative behaviour in the studied system (such as Na, 
SiO2, F, Li). Chloride is usually selected as a conservative 
mixing tracer but in these waters its concentration is very 
low and minor analytical or sampling errors may drastically 
affect calculated mixing trends. Therefore, following the 
methodology used in studies of this type of alkaline thermal 
waters (Criaud and Vuataz, 1984; Auqué, 1993; Chae et 
al., 2006; Asta et al., 2010; Han et al., 2010), sodium has 
been selected instead as the tracer element for the mixing 
process. Its concentrations in the thermal and cold end-
members are very different, the analytical uncertainty very 
low, and it behaves as a non-reactive element in the system.
Finally, speciation-solubility calculations and reaction-
path simulations have been performed using PHREEQC 
(Parkhurst and Appelo, 1999) with the WATEQ4F 
thermodynamic database (Ball and Nordstrom, 2001). 
The solubility data for kaolinite proposed by Michard 
(1983) have been included in this database, as it has 
been successfully used in the geochemical modelling 
of thermal waters in many different crystalline systems 
(e.g. Michard et al., 1986; Auqué et al., 1998; Buil et 
al., 2006; Gimeno et al., 2007; Sanjuan et al., 2010; 
Asta et al., 2012). These calculations were aimed to 
identify and quantify the different secondary processes 
that affect the system and they have been done in closed 
system conditions (e.g. with respect to CO2) except when 
indicated otherwise.
Climatic information and water balance calculation 
The meteorological information was obtained from 
the meteorological stations at Caldes de Boí and Pont de 
Suert (located at 50km of the studied area). A time period 
of 20 years (1983–2003) was selected and the monthly 
precipitation and temperature data were collected from the 
Meteorological Service of Catalonia data base. Since there 
were not available precipitation data for 1997 in Caldes 
de Boí, the data from Pont de Suert were used instead 
after checking that the differences in the monthly rainfall 
averages for both locations during a period of 58 years 
were less than 16%.
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FiGure 3. Location of the springs in the Caldes de Boí resort: 1) Salenca; 2) Ferro; 3) Canem 1, Canem 2 and Canem 3; 4) Santa Lucía; 5) Tartera 
R and Tartera L; 6) Pompeio; 7) Estufa and Baños; 8) Titus 1 and Titus 2, and Bosque; 9) Bou; 10) Avellaner; 11) Termas. Numbers in the legend 
refer to: 1) Granitic bedrock; 2) Till (Glacial deposits); 3) Fluvial terrace; 4) Scree; 5) Debris fan; 6) Drainage network; 7) River; 8) Springs; 9) Road; 
10) Building; 11) Contour lines.
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The Thornthwaite-Matter method (Dunne, 1978) and the 
evapotranspiration Thornthwaite formula (Thornthwaite, 
1948) were used to calculate the water balance. The input 
variables are: mean monthly temperature (in degrees 
Celsius), monthly Total Precipitation (TP, in millimetres), 
Soil Moisture Capacity (SMC) and latitude (in decimal 
degrees) of the location of interest.
Most of the recharge area corresponds to granite 
outcrops with very little soil development. When soils are 
present they correspond to leptosols (Jones et al., 2005), 
shallow and sandy soils with low water retention capacity 
and high permeability (high infiltration potential). Since no 
prior studies on soil morphology exist for this study area, 
the soil-moisture storage capacity was estimated using 
general information about this type of soil (Lal and Shukla, 
2004; Gupta et al., 2006). For these soils we estimate that 
soil moisture capacity is between 20 and 50mm. The output 
of the model consists of monthly water balance including 
monthly potential and Actual EvapoTranspiration (AET), 
soil moisture storage and surplus. Actual evapotranspiration 
is derived from potential evapotranspiration, total 
precipitation and soil moisture storage. In this model, the soil 
is assumed to have a maximum soil moisture capacity. Then, 
moisture is added to or subtracted from the soil, depending 
on whether the monthly precipitation is greater or less than 
the monthly potential evapotranspiration. If TP exceeds 
Potential Evapotranspiration (PET), then AET is equal to 
PET and the water in excess of PET replenishes the SMC 
and the excess of precipitation is assumed to contribute to 
the water surplus. If the sum of TP and SMC is less than the 
PET, then a water deficit is calculated as PET-AET. Studying 
the evolution of the water surplus or deficits, it is possible to 
estimate recharge during dry or humid periods. Infiltration 
is used to estimate recharge taking into account the climatic, 
topographic and soil characteristics.
ReSulTS And dISCuSSIon
Identification and verification of the secondary processes
Figures 4 and 5 present several ion-ion plots in 
which, as in earlier studies (cf Criaud and Vuataz, 1984; 
Auqué, 1993; Chae et al., 2006; Asta et al., 2010, 2012; 
Han et al., 2010), sodium has been selected as the main 
conservative geothermal tracer in this system. A very good 
correlation is shown between conservative geothermal 
tracers for this system including SiO2, F, Li and Na. This 
suggests a mixing process between two end-members 
with different chemical characteristics and corresponding 
to a thermal end-member (represented by Estufa, Termas 
and Baños springs) and a cold end-member (represented 
by Ferro spring). This mixing relationship appears to be 
time invariant. The mixing fraction for each spring can be 
calculated by its position on the mixing line (see Tables 
II to V in the Electronic Appendix). Although this mixing 
process occurs throughout the time, the mixing proportion 
can be different at different springs. This will be analysed 
below.
The presence of secondary processes has also been 
checked by analysing the relationship between the 
concentration of sodium (as the conservative element in 
this case) and other key physico-chemical parameters such 
as temperature and pH. Figure 6 shows the evolution of 
sodium concentration with the cooling intensity. Formally, 
the cooling intensity can be expressed in terms of enthalpy 
following the approach by Fournier (1979). However, 
in the temperature range of interest (below 50ºC), there 
are not meaningful differences between temperature and 
enthalpy and, thus, the cooling intensity has been expressed 
as the difference between the maximum temperature in 
the thermal end-member, T0, and the emergence spring 
temperature, T, in each sampling campaign (from zero for 
the thermal end-member (Estufa spring) to almost 40ºC for 
the cold end-member (Ferro spring)).
If no additional secondary cooling processes were 
acting in the system, sodium content would show a linear 
and negative correlation with the cooling intensity due to 
mixing. Indeed, as observed in Figure 6, there are some 
waters placed on the mixing line that are clearly affected 
by mixing with cold shallow water. In contrast, the springs 
situated to the right of the mixing line (e.g. Santa Lucía, 
Tartera L, Tartera R, Salenca, Pompeio, Termas and 
Bosque) are affected by additional cooling which has been 
interpreted as the result of conductive cooling along longer 
water flow paths. When the location of these points is 
extended in the horizontal line to intercept the mixing line 
the degree of additional cooling can be estimated.
Three trends can be observed by analysing the 
evolution of pH with respect to the cooling (Fig. 7) from 
all sampling campaigns: i) a slight and almost linear 
pH increase as conductive cooling increases; ii) a more 
noticeable pH decrease as cooling increases, outlined by 
the springs only affected by mixing (compare with plots 
shown in Figure 5) and iii) a decrease of pH from the 
hot end-member to the pH values measured in one of the 
warmest waters (Termas).
With respect to this last trend, and as stated above, 
Estufa and Termas have both high temperatures 
(48.8ºC to 52ºC and 45.8ºC to 50.1ºC, respectively), 
low conductive cooling, and almost identical chemical 
compositions, but different pH values (8.8 to 9.34 and 
7.8 to 7.99, respectively; Fig. 7). This behaviour has 
been interpreted as the presence of an additional process 
affecting only the pH of the solutions without affecting 
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FiGure 4. Correlation diagrams between sodium, as the main conservative cation in the system, and silica in the samples taken in the different 
campaigns. A) Overall data; B) data from IGME (1984); C) data from ENHER (1985); D) data from Buil et al. (2002); E) data from Asta et al., 2010 
and F) data from the sampling campaign in 2008. The lines represent the theoretical trend of a mixing between two end members characterised by 
different temperature and chemical composition, the thermal end-member (Estufa spring) and the cold end-member (Ferro spring).
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FiGure 5. Correlation diagrams between sodium, as the main conservative cation in the system, and lithium or fluoride (in plot B) in the samples taken 
in the different campaigns. A) Overall data; B) data from IGME (1984); C) data from ENHER (1985); D) data from Buil et al. (2002); E) data from 
Asta et al., 2010 and F) data from the sampling campaign in 2008. The lines represent the theoretical trend of a mixing between two end members 
characterised by different temperature and chemical composition, the thermal end-member (Estufa spring) and the cold end-member (Ferro spring).
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FiGure 6. Relationship between sodium and the cooling process expressed as the difference between the temperature of the thermal end-member 
(Estufa) and the temperature of the rest of the springs. Depending on the position of the springs, different cooling mechanisms can be proposed. 
A) Overall data; B) data from IGME (1984); C) data from ENHER (1985); D) data from Buil et al. (2002); E) data from Asta et al., 2010 and F) data 
from the sampling campaign in 2008. 
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the rest of the chemical characteristics of the fluid. 
Carbon speciation-solubility results (Fig. 8) indicate 
that Estufa (thermal end-member) shows a noticeable 
disequilibrium with respect to the atmospheric CO2 
partial pressure (log pCO2 between -4.01 and -4.92) 
while the pCO2 obtained for Termas is very close to 
equilibrium (log pCO2 between -3.03 and 3.21). This 
fact suggests that, although Termas could have had 
an original CO2 partial pressure similar to Estufa, 
when it comes in contact with the atmosphere or soil 
environment it is equilibrated with its CO2 content 
(incorporating CO2 into solution). This does not happen 
to Estufa before the emergence point. This CO2 input 
could be the responsible for the decrease in pH compared 
with the Estufa pH value. Below we evaluate all of these 
hypotheses using geochemical modelling.
Geochemical modelling
Following the procedure described in Asta et al. (2010), 
simulation of the different secondary processes affecting 
the system has been performed with PHREEQC (Parkhurst 
and Appelo, 1999). The simulations include the pH 
evolution along three processes: mixing, cooling and CO2 
exchange and finally their superposition. The data used 
as end-members correspond to each sampling campaign, 
except for the case of the 1997 sampling, when the cold 
end-member used corresponds to Ferro data of 2003 or 
in the case of 2008 campaign when the hot end members, 
Estufa and Termas, were not sampled and the data from the 
2003 campaign have been used instead.
Figure 9 shows the evolution of pH with respect to 
cooling (T0-T). The calculated evolution of pH during 
mixing between the thermal (some of them affected also 
by CO2 input) and cold end members is shown as solid 
and discontinuous lines connecting the different end 
members used for each mixing process. The pH values 
are very similar (or slightly higher) for a wide range of 
mixing proportions of the hot end-member. Only when 
the cold end-member is in a proportion greater than 40% 
(0.6/0.4 mixing proportion) the pH decreases towards the 
value observed in the cold water. This is the result of the 
important pH buffering capacity of the thermal water due 
to its high pH values and high concentrations of CO32- and 
H3SiO4- and the presence of unusually active acid-base 
pairs (HCO3-/CO32- and mainly H4SiO4/H3SiO4-) in these 
alkaline waters acting as homogeneous buffers (Asta et al., 
2010). In contrast to the Estufa-Ferro mixing simulation, 
the result obtained using the less alkaline hot end-member, 
Termas, does not show the buffered region in any of the 
sample sets, as its CO32- and H3SiO4- contents are much 
lower. The comparison of the pH and cooling values of the 
sampled waters with these paths (Fig. 9) shows that some 
springs fit well in the theoretical pH lines due to mixing 
between the end members (Estufa and Ferro or Termas 
and Ferro) (see for example Baños, Santa Lucía, Tartera 
L, Canem 2 in 1997 data, or Santa Lucía, Titus 1, Titus 2 
and Avellaner in 2003 data; Fig. 9). However, neither these 
spring waters consistently fit in the mixing lines, nor they 
are mixed in the same mixing proportion. The rest of the 
springs, which do not follow the end-member mixing lines, 
show pH values that must have been affected, to some 
extent, by other geochemical processes.
Other acid-base pairs, such as, boron, ammonia and 
sulfide (H3BO3/H2BO3- , NH4+/NH3, and H2S/HS-) could be 
active in thermal alkaline waters buffering the pH. However, 
those species are in very low concentrations in the Caldes 
de Boí thermal waters. For example, boron concentrations 
in the 1983 sampling (IGME, 1984) were between 0.016 
and 0.086mmol/L and in the 1985 sampling (ENHER, 
1985) between 0.018 and 0.042mmol/L with the highest 
values found in the Estufa spring. Using these values in 
the speciation-solubility calculations (data not shown) the 
results showed that boron and ammonia concentrations are 
two orders of magnitude lower than those of the H4SiO4 and 
H3SiO4- species and almost one order of magnitude lower 
than the concentration of the OH- species. In addition, to 
check the effect of the presence of these species on the 
pH, mixing calculations including them were performed 
with the 1985 data. The results showed that the buffering 
contribution of those acid-base pairs would be of minor 
importance and were not considered in this study. 
No data were available on the total dissolved 
sulphide species for the Caldes de Boí thermal system. 
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FiGure 7. pH versus cooling expressed as the difference between the 
temperature of the thermal end-member (Estufa) and the emergent 
temperature of the springs. All water samples are plotted, including 
the different values measured for the end members.
G e o l o g i c a  A c t a ,  1 5 ( 2 ) ,  6 7 - 8 7 ,  I - I I I  ( 2 0 1 7 )
D O I :  1 0 . 1 3 4 4 / G e o l o g i c a A c t a 2 0 1 7 . 1 5 . 2 . 1
M . P.  A s t a  e t  a l . Temporal variability of geochemical processes in geothermal systems
77
The presence of some sulphide species is possible in 
reduced thermal waters (e.g. deduced from the available 
Eh values), however, the good charge balances obtained 
for the Estufa spring (better than ±3%) suggest that the 
concentration of total dissolved S-2 is low. With respect 
to the cold end-member, its redox character (available 
Eh values around +200mV) indicates the absence of this 
component. On another way of reasoning H2S/HS- is an 
acid-base pair and also a redox pair, and its behaviour 
would be mainly controlled by redox-related parameters 
during mixing processes. For example, Criaud and Vuataz 
(1984) found that, during the mixing processes at the 
Luchon thermal system (an alkaline thermal system in the 
French Pyrenees), dissolved sulphide in the thermal end-
member was oxidised to sulphate by the oxygen dissolved 
in the cold shallow end-member. Therefore, the possible 
buffering capacity H2S/HS- would be very limited.
Furthermore, to evaluate the impact of the uncertainty 
in the Ferro spring composition (with charge balance 
errors up to -12.37%) a sensitivity analysis has been 
performed in the mixing calculations using the 2003 and 
2005 data sets (with the highest charge balance errors). 
The mixing simulations have been made: i) using Ferro 
as the cold end-member, with their actual compositions, 
and ii) forcing the waters to have a balance charge of 
0% changing the Mg concentration. The results showed 
no significant differences supporting the mixing model 
presented in this study.
The second PHREEQC simulation was designed to 
assess the effect of conductive cooling by means of a 
progressive decrease in temperature over the thermal 
solutions Estufa and Termas in successive steps of 5°C of 
decrease. Additional simulations were also considered to 
show the effect of the conductive cooling of waters already 
mixed in different proportions (0.7/0.3 and 0.5/0.5). The 
effect on pH is a linear and progressive increase in pH as 
the temperature decreases (straight lines in Figure 9). The 
results show a pH increase rate of 0.012–0.013pH units per 
degree centigrade (of temperature decrease), which is in 
good agreement with the pH increase rate (0.013 units per 
degree centigrade) reported by previous authors (Boulègue, 
1979; Michard and Fouillac, 1980; Auqué, 1993).
The effect of conductive cooling and mixing between 
hot and cold solutions on pH is clearly different when the 
cold end-member is in a proportion greater than 40%. As 
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FiGure 8. Partial pressure of CO2 versus pH in the spring water in the samples taken in the different campaigns. Solid line corresponds to the 
atmospheric partial pressure of CO2.
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FiGure 9. pH evolution with respect to the cooling as a result of the mixing simulation between the hot end member (Estufa) and the cold end-member 
(Ferro) and between another hot water (Termas) and the same cold end-member (Ferro). The effects of variable CO2 addition to the thermal end-
member (Estufa) are also shown. The real values of the samples from each sampling campaign are also shown in the panels B to F).
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already reported by Asta et al. (2010), when the hot water 
dominates the mixing proportion, the conductive cooling 
effect on pH may be undistinguishable from the cooling 
effects due to mixing (see for example in Figure 9, Tartera 
L in the 1997 and 2003 samplings). This is because the pH 
variation is very small at the beginning of both processes. 
When the proportion of cold water increases in the mixing, 
the pH decrease dominates over the opposite trend of pH 
increase due to conductive cooling. This effect is also seen 
when the hot end-member is a less alkaline water (Termas 
spring), and the buffering effect of pH during mixing is 
much lower. In that case the effect of decreasing the pH 
due to mixing is higher.
The fact that the pH values do not fit exactly on the 
theoretical mixing line indicates that still some additional 
process must be considered. As described above, CO2 
partial pressure (pCO2) calculated for these waters range 
from logpCO2= -5.2 (Salenca in the sampling campaign 
of 1983) to logpCO2= -1.90 (Titus 1, in 2008) (see Figure 
8 and Tables II to V), and it is expected that waters with 
low CO2 partial pressure will tend to equilibrate with the 
atmosphere or the soil system (to incorporate CO2 and 
therefore, to decrease pH) when they reach surface. This 
CO2 input can occur in the hot water or after its mixing 
with some proportion of cold waters. The clearest example 
shown in Asta et al. (2010), and confirmed for the rest 
of the sampling campaigns, corresponds to Estufa. The 
pCO2 value in the thermal end-member Estufa is in clear 
disequilibrium with the atmosphere, while is close to 
equilibrium in Termas (Fig. 8). This suggests that Termas, 
although originally could have had a value similar to 
Estufa, has experienced the addition of atmospheric/soil 
CO2. This CO2 input to the Termas thermal water would be 
responsible for its pH decrease, in contrast to the constant 
pH of Estufa, which is unaffected by additional CO2 input. 
Other possible processes affecting the pH value, such as 
calcite dissolution/precipitation reactions, are not probable 
(see further details in Asta et al., 2010).
Additional PHREEQC simulations were performed 
to assess the effect of the CO2 input on the thermal water 
geochemical composition. To test the ability of the end 
members to be the sources of mixing, the hot end-member 
from each sampling campaign was subjected to additional 
CO2 to generate initial solutions with different pH values. 
Then, a mixing process with the cold end-member in 
different proportions is imposed on each initial solution. 
The final pH values obtained in the simulations are shown 
in Figure 9 as dotted lines. Higher values of CO2 partial 
pressures result in lower pH values and then,  in lower  pH 
buffering capacity of the waters.
The comparison between the actual values and the 
results of this simulation of CO2 input confirms the 
hypothesis proposed above for the Termas spring but also 
for other waters. This is the case of Canem 2 and Bou in the 
1997 sampling and Titus 1 and 2, and Avellaner in the 2003 
data (Fig. 9) where the cooling is only due to mixing and 
their pH values are controlled by mixing with the thermal 
water Termas (whose CO2 has already been modified). 
Another possibility is that mixing with the thermal water 
(Estufa), took place first, and then the mixed waters were 
affected by the CO2 input; see for example Canem 1, Bou 
and Avellaner in the 1983 sampling or Tartera L and R, 
Salenca, Pentanca R and L, Pompeio, Canem 1, Titus 1 
and Titus 2 in 1985, or Canem 1 and Besort in 2003, and 
Titus 1 in 2008.
These results indicate that the combination of mixing, 
conductive cooling and CO2 input justifies the chemical 
composition of these waters and the fact that having a 
similar chemistry, their pH values are quite different. Some 
springs fit perfectly well with a single mixing process, 
either between the original end members, Estufa and 
Ferro, or between a modified hot end-member (Termas) 
and the same cold end-member (Ferro). Conductive 
cooling produces a pH increase that is undistinguishable 
from the cooling due to mixing when the hot end-member 
dominates the mixing proportion. The input of CO2, finally, 
has been shown to be present in the system producing a pH 
decrease, which is evident in the springs located below the 
theoretical mixing lines.
Temporal evolution of the secondary processes 
According to the results shown in the previous sections, 
the mixing between a cold and a thermal end-member 
is a generalised process that affects most of the spring 
water system over time (Fig. 10). Mixing is apparent 
from the good correlation between conservative elements 
(Figs. 4; 5). The geochemical modelling performed has 
confirmed that the Caldes de Boí system is also affected 
by other processes including: conductive cooling and CO2 
exchange. These processes have been found to vary over 
time affecting the spring waters with different intensity. 
Figure 10 is a summary sketch of the processes and their 
quantification in the sampling campaigns considered in 
this study.
The hot and cold end members (Estufa and Ferro, 
respectively) are relatively constant in temperature and 
pH over time and have been considered as not affected 
by the secondary processes. The rest of the spring waters, 
however, are affected by mixing, conductive cooling 
and CO2 input to different extent (Fig. 10). The study of 
these processes over time has shown some interesting 
behaviours that have helped to understand the external 
factors on the physico-chemical characters of this 
geothermal system.
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There is a group of springs (Canem 1, Bou, Avellaner 
1, Titus 1, Titus 2 and Besort) that are affected mainly 
by mixing and CO2 input in all sampling campaigns, 
causing slight variations in temperature and pH. Only in 
the sampling of 1985 they are also affected by conductive 
cooling. These variations are due to the fact that the 
intensity of the studied secondary processes could vary 
seasonally.
Salenca spring is affected by mixing with similar 
proportions of the thermal and cold end members (from 
0.7/0.3 to 0.8/0.2) and the conductive cooling affects the 
spring waters in a similar degree in all campaigns (from 
12.3ºC to 17ºC of conductive cooling). Only in the 1985 
and 2003 samplings Salenca spring water is also influenced 
by CO2 addition, which could explain the lowest pH 
values found in those samples. This input of CO2 to the 
solution could come from the soil or biogenic processes, 
however, some CO2 addition from the atmosphere during 
the sampling cannot be ruled out.
From 1983 to 1997 Pompeio spring is affected by 
mixing with very different proportions of the thermal and 
cold end members (from 0.3/0.7 to 0.9/0.1). Additionally 
Pompeio experiences conductive cooling in 1985 and 1997, 
and CO2 input in 1983 and 1997. In these two samplings 
Pompeio shows similar pH and spring temperatures.
Other springs such as Tartera R and Tartera L show 
also high temporal variability with respect to their pH and 
temperature. This variability is determined by the different 
processes and by their different intensity. For example, 
Tartera R shows features very similar to the thermal end-
member in 1983, though with lower temperature, suggesting 
the effect of conductive cooling. In 1985, this spring is 
influenced by mixing and CO2 addition. And, finally, in 1997 
and 2003 the spring shows the effect of all these processes. 
In the case of Tartera L, it experienced mixing, conductive 
cooling and CO2 addition in 1983 and 1985, whereas in 
1997 the conductive cooling is the only process that plays 
and important role (displaying similar composition to the 
thermal end-member). Finally, in 2003, conductive cooling 
and mixing take place as the main processes.
The high variability in the intensity of the secondary 
processes is reflected in the physicochemical characteristics 
CONDUCTIVE
COOLING
MI
XI
NG
 P
RO
PO
RT
IO
N
FiGure 10. Summary sketch of the secondary processes of mixing and conductive cooling that affect the thermal waters and their quantification in the 
different sampling campaigns considered in this study.
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of the thermal waters; see for example the evolution of the 
temperature and pH of Tartera R and Tartera L through time 
(Fig. 10). In contrast, other spring waters, such as Santa 
Lucía, Baños, Bosque or even Termas, have relatively 
constant temperatures and geochemical characteristics, 
suggesting that they are not affected by temporal variations 
in fluid mixing or CO2 inputs.
Seasonal climate effect on the water chemistry 
Temporal variation in the recharge of the shallow aquifer 
could affect the extent of the mixing, as well as the rates 
of conductive cooling of the spring water. To evaluate the 
potential influence of the climate on the geothermal system, 
the water balance of the Caldes de Boí area was carried 
out. Not all the data necessary to perform a complete water 
balance (e.g. daily climate data, soil analysis, etc.) were 
available, but this was sufficient to assess if the samplings 
were carried out in dry or rainy seasons.
The results shown in Figure 11 indicate that the 1983 
and 1997 sampling campaigns were carried out during 
relatively arid conditions without soil water surplus. 
In contrast, the 1985 sampling clearly corresponds to a 
period of elevated precipitation with water surplus and 
with a remarkable water surplus in the soil in the months 
previous to this sampling.
The extent of mixing appears to be affected by temporal 
variations in the recharge of the shallow aquifer. There is 
a group of springs (e.g. Tartera R, Santa Lucía, Pompeio) 
that are mainly affected by conductive cooling in the dry 
periods whereas in the rainy seasons the same springs are 
also affected, although in a different extent, by mixing 
processes with cold waters of the system. This is due to 
the fact that during the rainy season is when the shallow 
aquifer is recharged. Significant rainfall influences also 
the ground temperature (van Manen and Wallin, 2012), 
which favours the conductive cooling process. This effect 
is observed in the waters sampled in 1985 (see Fig. 10) 
when, conductive cooling affects some springs that are 
not affected by it in the rest of the samplings (e.g. Titus 
1&2, Avellaner). 
Large differences between the pH trends amongst 
different sampling campaigns are observed, with the 
extreme case of 1985 data when the pH trend is not 
correlated with any other parameter due to the instability 
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FiGure 11. Main results of water balance during the sampling years obtained by the Thornthwaite-Matter method and the evapotranspiration 
Thornthwaite formula.
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caused by the rainy period (Fig. 9). In contrast, in the 
samplings carried out during dry periods (1983 and 1997), 
the three trends indicated in Figure 7 are clearly observed.
Comparing the values of pH with temperature, the 
variations observed in the secondary processes over time 
could be due to the hydrological impact of variations in 
recharge on the geothermal system, mainly through its 
direct effect on the physico-chemical characters of the 
cold end-member, representative of the shallow aquifer. 
At the same time, the shallow aquifer has influence on 
some factors related to the effects of the thermal energy 
attenuation in the system (e.g. higher contribution of cold 
waters or oscillations in the water table of the shallow 
aquifers).
Dry seasons correspond to periods in which water deficit 
exists and a progressive discharge of the shallow aquifer 
takes place. In contrast, in periods of high recharge there is 
a predominance of infiltration and therefore a recharge of 
the shallow aquifer. These high infiltration events increase, 
in general, the extent of the mixing process. The pH trends 
are less obvious than those observed during dry periods. 
Influence of the geomorphological setting 
Despite the fact that climate exerts an important effect 
over the physico-chemical features of the geothermal 
waters, rainy-dry periods do not affect all spring waters to 
the same extent. The differences could be explained by the 
distinct geomorphological and shallow hydrogeological 
setting of the springs (Figs. 2; 3).
The springs are located over four different types of 
superficial deposits: i) scree deposits (Tartera R and Tartera 
L), ii) slope-attached glacial sediments or till (Estufa, 
Termas and Santa Lucía), iii) fluvial terraces (Canem, 
Bou, Avellaner and Titus), and iv) debris fan deposits 
(Salenca) (Fig. 3). In high mountain areas, the glacial and 
fluvial sediments accumulated at the bottom of the valley 
may host a shallow alluvial aquifer and only a minor 
subsurface flow may be present in the weathered surficial 
bedrock layer and in the highly permeable slope and till 
deposits attached to the hillside. Thus, it is expected that 
the deep thermal waters discharging here are covered by 
fluvial terraces and pass through the alluvial aquifer of the 
Noguera de Tor River, increasing the mixing between the 
thermal and the cold waters. This is the case of Canem, 
Bou, Avellaner and Titus springs. On the other hand, 
Estufa, Termas, Santa Lucía and Tartera R and Tartera 
L are found around the limit between the slope-attached 
till and scree deposits, and therefore, in this setting the 
deep thermal waters will be only mixed with the hillside 
subsurface flow waters limiting the possibility to affect 
significantly the composition of the deep thermal waters. 
Salenca, in the lowest part of a debris fan close to the 
riverbed, shows intermediate features that do not change 
over time. This suggests that Salenca is not influenced 
by the shallow aquifer hosted in the alluvial deposits of 
the Noguera de Tor River and its geochemistry may be 
influenced by a slightly different flow path followed by the 
deep geothermal waters.
Practical applications of the mixing model
Our results showed that the geomorphological setting 
of the springs and the temporal variation in the recharge of 
the shallow aquifer affect the extent of the mixing, which 
could cause a decrease in water temperature and a dilution 
of the thermal water. 
Balneotherapy is defined as the use of baths (in tubs 
or pools) containing thermal and/or mineral water from 
natural springs or drilled wells with a natural temperature 
of at least 20ºC and/or mineral water with a total mineral 
content of at least 1g/L (Gutenbrunner et al., 2010). Then, 
the increase of cold water fractions in the thermal water 
would affect the temperature and also the composition and 
quality of the water. A method to evaluate the impact on 
the recharge in the aquifer is using mixing models. These 
models have been used in previous studies to quantify 
exchanges intra- and inter-aquifer (Gómez et al., 2014), 
to estimate the degree of interaction between surface and 
groundwater (Oyarzún et al., 2014), and the relative inflow 
contributions to the alluvial aquifer (Martinez et al., 2017). 
The impact of the cold end-member temperature during 
the mixing process was tested decreasing the temperature 
of the cold end-member from 12.3ºC to 1ºC similar to 
summer and winter temperatures, respectively. The results 
show no dramatic differences between the mixing using 
this set of temperatures (see Fig. 12). In general, mixing 
cold water fractions of 0.6 or more (corresponding to 
thermal/non-thermal water ratios of 0-0.4) would decrease 
the thermal water T to values lower than 20ºC. In addition 
to that, the introduction and mixing of oxygenated cold 
water could quickly oxidize the sulphide present in the 
water and dilute the concentrations of other components 
that provide the water their balneotherapeutic properties 
(e.g. silica, sodium, chloride). This indicates that thermal/
non-thermal mixing ratios lower than 0.4 would threaten 
the thermal water quality for the spa purposes. 
Differences in the CO2 inputs (or loss), and, therefore, 
in the pH values have been observed over time in the 
different springs due to external factors. Although the 
variations observed are not sufficiently important to affect 
the water used for baths they could have a critical impact 
on the spa installations, causing the formation of mineral 
deposits (e.g. calcite or kaolinite). Mineral scaling in wells 
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and other installations is a very common process associated 
with thermal waters (Kele et al., 2015; Todorovic et al., 
2016; Asta et al., 2017) and could cause important costs to 
the spas. The effect of CO2 concentrations in the cold end-
member, more susceptible to changes due to exchange with 
the atmosphere or CO2 from the soil, during the mixing 
was tested by increasing and decreasing the pCO2 from 
-1.9 to -4.9. The results of the simulations showed no effect 
on the calcite saturation indices (Fig. 13A), which are 
undersaturated or in equilibrium conditions with respect to 
calcite in all simulated conditions. These results suggest 
that, despite mineral scaling is a common problem in many 
spas, owing to the peculiarity of these thermal alkaline 
waters calcite cannot precipitate even at the wide range of 
CO2 values considered for the simulation. 
In contrast to the calcite results, kaolinite saturation 
indices are affected by increasing and decreasing the 
pCO2 and their consequent pH variations (Fig. 13B). The 
presence of kaolinite precipitates have been detected in 
springs of other alkaline thermal waters in the Pyrenees 
(e.g. Boulègue et al., 1981; Couturier et al., 1984) and the 
obtained results would suggest the possible precipitation 
of this mineral phase during mixing processes with a high 
pCO2 cold end-member (Fig. 13B). The importance and 
implications of this precipitation process would need 
further studies.
An important component in the management of 
the thermal water resources is the understanding of the 
geochemical processes affecting the water and their effects 
on its properties. In this study we have assessed temporal 
and spatial variations in spring chemistry as the result of 
natural external processes. This allowed us to identify the 
processes that could threaten the quality of the thermal 
waters. Furthermore, natural and anthropogenic variations 
associated with groundwater extraction from spas or 
changes in irrigation practices could increase their mixing 
with non-thermal water. 
The results show that the quality of the thermal water 
is greatly influenced by the introduction of shallow cold 
water. Therefore, it is important monitoring changes in 
water composition (e.g. decrease of Na, F, Li, which behave 
conservative in the Caldes de Boí system) and temperature 
over time. This could be used as an early warning for 
potential problems related to an increase in the water 
recharge that will cause the decrease in the temperature and 
reduce the quality of the thermal waters.
Our mixing model showed that cold-water proportions 
over 60% could be critical for the water properties. 
Furthermore, the mixing with cold waters could modify 
the quality of the thermal waters if superficial waters are 
affected by contamination. 
ConCluSIonS
Classical geochemical calculations and geochemical 
modelling have been used to study the hydrogeochemical 
evolution of the Caldes de Boí geothermal system over more 
than 20 years. The results suggest that the hydrogeochemistry 
of the system could have been mainly determined by 
the superimposed effects of the following irreversible 
processes: i) mixing between a cold and a thermal end-
member; ii) conductive cooling and iii) CO2 input from 
external sources (atmosphere and soil environments). These 
processes affected the spring waters with different intensity 
in the different springs and over time. This suggests that 
this geothermal system is a dynamic system affected by 
additional external factors that cause variations in the 
intensity of the secondary processes and, consequently, in 
the physicochemical features of the spring waters.
The observed differences in the intensity of the 
secondary processes over time may be attributed, to 
some extent, to the effect of climate and indirectly to the 
geomorphological/hydrogeological setting of the different 
springs. The mixing process is, in general, greater in 
rainy seasons, probably due to the increased infiltration 
and recharge of the shallow aquifer. At the same time, 
the rainfall exerts influence in other factors related to 
the thermal energy in the system, such as the decrease 
in ground temperature promoting the conductive cooling 
process. The geomorphological/hydrogeological setting 
of the springs determines the thickness and features of 
FiGure 12. Evolution of the temperature in the mixing simulation 
between the hot end-member (Estufa) and the cold end-member 
(Ferro) at different temperatures of the cold end-member. Input data 
for the model correspond to the 2003 sampling campaign.
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the shallow saturated zone and, therefore, the possibility 
and the intensity of the mixing between the surficial cold 
waters and the deep thermal water. To explain the observed 
variations over time in the studied geothermal waters future 
research should focus on the study of possible additional 
external effects in collaboration with the spa, on the detailed 
characterisation of the thickness of surficial deposits and 
their saturated zone or on the presence of fractures using 
geophysical methods. These parallel studies could provide 
enough information to confirm the hypotheses derived 
from the geochemical analysis.
The results of this study show that the quality of 
the thermal water is significantly influenced by the 
introduction of shallow cold water. The model shows that 
cold-water proportions over 60% could be critical for 
the water properties of the studied system to be used for 
balneotherapy practices causing a decrease in temperature 
(lower than 20°C) and in the concentration of important 
elements that provide the waters their balneotherapeutic 
properties. In addition, mixing with cold waters would 
increase the vulnerability of the thermal waters to be 
affected by superficial contamination. Finally, it is worth 
mentioning that the results of this study are important 
because understanding the changes in the groundwater 
composition due to mixing, temperature variations and/
or CO2 exchange could be used for the implementation of 
preventive actions in the Caldes de Boí geothermal system. 
Regular chemical monitoring of the thermal water and 
temperature should be done in order to establish natural 
fluctuations and any longer term trends, which may indicate 
increase in the introduction of cold water or anthropogenic 
impacts on the thermal water. 
The use of the simple methodology presented in 
this work allows assessing the effect of external factors, 
which could affect the quality of the thermal waters for 
balneotherapy, at long-term scale. This methodology has 
been tested for a long period of time and can be applied 
to the study of other low enthalpy geothermal systems, 
allowing an accurate prediction of their future behaviour 
and a realistic planning of their future management. For 
example, spring compositional changes could indicate 
an increase of the cold meteoric recharge suggesting 
an overexploitation of the geothermal resources, which 
could be critical for bathhouses and spas, where specific 
hot springs temperatures are required. Furthermore, the 
methodology used in this study can be used to provide 
some insight for the use of these types of geothermal 
systems as natural analogues for the emplacement of 
nuclear wastes. For example, to evaluate the long term 
evolution of the artificial hydrotermal systems developed 
during the emplacement of spent fuel (e.g. Druschel 
and Rosenberg, 2001), the evolution of the alkaline 
plumes promoted by the interaction of groundwater with 
cementitious materials (Savage, 2011) or to simulate the 
effect of mixing processes, especially important in some 
storage concepts (e.g. the Finnish or Swedish cases; see 
Gimeno et al., 2014). 
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FiGure i. Temperature differences of the sampled waters over time.
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Table I. Spring waters sampled in the different sampling campaigns. 
Publication IGME 
(1984) 
ENHER
(1985) 
Buil et al. 
(2003) 
Asta et al. 
(2010) 
Unpublished 
Sampling 
Date
July
1983 
April
1985 
July
1997 
June
2003 
October 
2008 
Estufa X X X X  
Baños   X X  
Termas X X X X  
Santa Lucía X X X X X 
Salenca X X X X X 
Pompeio X X X   
Tartera R X X X X  
Tartera L X X X X  
Bosque   X X X 
Bou X X X X  
Canem 1 X X X X X 
Canem 2   X X  
Besort   X X X 
Avellaner 1 X X X X X 
Titus 1  X  X X 
Titus 2 X X X X X 
Ferro X X  X X 
Capellans    X  
Bosch   X   
Petanca L  X    
Petanca R  X    
Table i. Spring waters sampled in the different campaigns
Table II. Hydrochemistry of the Ceblealdas de Boí spring waters (data of IGME, 1984). Calculated charge balance, mixing proportions and mixing temperatures are also included  
1983 T (ºC) pH 
Total 
alkalinity Cl SO4
2- Na K Ca Mg SiO2 F Li Al 
Log
pCO2
(g) 
Charge 
Balance
(%) 
Mixing 
proportion 
(hot/cold) 
Tª
mixing mg/L 
Estufa 48.8 8.8 38 61 50 77 2.8 3.5 0.61 72 4.0 0.6 n.a -4.3 1.84 1.00/0.00 48.8 
Termas 50.1 7.8 28 64 58 79 3.3 3.2 0.24 80 4.0 0.6 n.a -3.2 1.39 1.00/0.00 50.1 
Santa Lucía 38.1 8.9 47 64 58 82 3.2 5.0 0.61 80 4.0 0.6 n.a -4.4 0.51 1.00/0.00 48.8 
Salenca 26.9 9.3 32 43 44 59 2.0 3.4 0.02 55 3.0 0.4 n.a -5.2 0.71 0.76/0.24 39.2 
Pompeio 25.3 9.1 49 59 44 70 2.9 5.1 0.24 66 2.8 0.5 n.a -4.6 -0.7 0.91/0.09 45.2 
Tartera R 41.6 8.9 50 57 49 78 2.8 2.7 0.24 90 3.5 0.5 n.a -4.3 1.11 1.00/0.00 48.8 
Tartera L 32.4 8.6 24 48 40 55 2.0 4.1 0.29 57 2.8 0.6 n.a -4.3 0.42 0.70/0.30 36.8 
Bou 26.9 8.2 21 31 32 39 1.8 4.6 0.24 40 1.9 0.3 n.a -3.9 0.85 0.49/0.51 28.5 
Canem 1 38.0 8.1 32 48 42 57 2.9 6.8 0.24 55 3.0 0.4 n.a -3.5 1.05 0.73/0.27 38.0 
Avellaner 1 26.0 7.9 21 23 27 31 1.4 3.7 0.61 30 1.3 0.2 n.a -3.6 0.93 0.39/0.61 24.5 
Titus 2 26.7 7.2 19 18 33 29 1.4 6.3 0.71 39 2.2 0.1 n.a -2.9 2.04 0.36/0.64 23.3 
Ferro 8.9 6.6 9 5 7 2 0.4 3.6 1.70 8 0.1 0.0 n.a -2.7 -1.88 0.00/1.00 8.9 
n.a.: not analyzed ; Total alkalinity is expressed as HCO3-
Table ii. Hydrochemistry of the Caldes de Boí spring waters (IGME, 1984). Calculated charge balance, mixing water proportions and mixing water 
temperatures are also included
Table III. Hydrochemistry of the Caldas de Boí spring waters (data of ENHER, 1985). Calculated charge balance, mixing proportions and mixing temperatures are also included 
1985 T (ºC) pH 
Total 
alkalinity Cl SO4
2- Na K Ca Mg SiO2 F Li Al Log 
pCO2(g)
Charge 
Balance
(%) 
Mixing 
proportion 
(hot/cold) 
Tª
mixing mg/L 
Estufa 49.3 9.34 63 47 47 71 2.3 1.5 0.05 71 3.4 0.5 0.1 -4.92 -3.08 1.00/0.00 49.3 
Termas 50.1 7.86 45 48 52 69 3.1 1.5 0.05 72 3.4 0.5 0.2 -3.07 -1.39 0.97/0.03 48.1 
Santa Lucía 32.4 8.97 35 42 48 64 2.3 2.7 0.06 63 3.0 0.5 0.0 -4.59 2.34 0.90/0.10 45.3 
Salenca 26.9 9.11 36 33 37 54 1.5 1.7 0.05 57 2.7 0.4 0.1 -4.77 2.11 0.76/0.24 39.6 
Pompeio 21.0 7.45 35 19 24 31 1.5 3.4 0.27 32 1.2 0.2 0.1 -2.93 -1.74 0.42/0.58 25.9 
Tartera R 16.0 8.09 35 16 23 27 1.0 1.8 0.20 30 1.4 0.2 0.0 -3.6 -8.45 0.37/0.63 23.8 
Tartera L 29.0 9.15 35 38 46 58 1.8 1.0 0.06 57 2.9 0.4 0.0 -4.85 -1.32 0.81/0.19 41.6 
Bou 29.8 8.03 33 28 37 41 1.6 1.7 0.39 37 1.6 0.3 0.0 -3.49 -4.73 0.57/0.43 31.9 
Canem 1 38.0 7.44 45 30 36 43 1.7 4.8 0.54 45 2.0 0.3 0.0 -2.7 -4.33 0.60/0.40 33.1 
Avellaner 1 20.6 7.74 45 30 32 33 1.4 4.9 0.67 32 1.0 0.2 0.0 -3.11 -12.2 0.45/0.55 27.1 
Titus 1 25.2 7.01 35 29 45 36 1.9 8.8 2.38 31 0.6 0.2 0.0 -2.46 -1.72 0.50/0.50 29.1 
Titus 2 22.2 6.97 32 25 33 37 1.6 5.6 1.30 34 1.3 0.2 0.0 -2.47 2.04 0.53/0.47 30.3 
Ferro 8.9 6.80 12 1 2 2 0.2 2.5 0.27 3 0.8 0.0 0.0 -2.79 -12.37 0.00/1.00 8.9 
Petanca L 19.9 7.50 17 14 30 21 1.0 3.5 0.44 22 0.8 0.1 0.0 -3.29 -6.79 0.72/0.28 20.2 
Petanca R 23.3 7.47 33 20 28 30 1.2 3.6 0.41 32 1.1 0.2 0.0 -2.96 -4.94 0.59/0.41 25.4 
Total alkalinity is expressed as HCO3-
Table iii. Hydrochemistry of the Caldes de Boí spring waters (ENHER, 1985). Calculated charge balance, mixing water proportions and mixing water 
temperatures are also included
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M . P.  A s t a  e t  a l . Temporal variability of geochemical processes in geothermal systems
III
Table IV. Hydrochemistry of the Caldas de Boí spring waters (data of Buil et al., 2002). Calculated charge balance, mixing proportions and mixing temperatures are also included.  
1997 T (ºC) pH 
Total 
alkalinity Cl SO4
2- Na K Ca Mg SiO2 F Li Al 
Log
pCO2
(g) 
Charge 
Balance
(%) 
Mixing 
proportion 
(hot/cold) 
Tª
mixing mg/L 
Estufa 52.0 9.10 91 53 24 82 2.7 3.1 0.03 74 4.1 0.7 0.1 -4.22 3.14 1.00/0.00 52.0 
Baños 45.6 9.10 81 52 38 80 3.0 3.8 0.09 71 3.9 0.7 0.1 -4.30 0.80 0.97/0.03 50.8 
Termas 48.6 7.90 54 54 59 81 2.5 3.2 0.05 72 4.0 0.7 0.1 -3.03 0.54 0.99/0.01 51.6 
Santa Lucía 42.8 9.10 94 53 32 80 2.4 3.2 0.04 68 3.8 0.7 0.1 -4.21 -1.49 0.97/0.03 50.8 
Salenca 28.0 9.40 77 32 31 61 1.8 3.6 0.09 59 2.6 0.5 0.1 -4.75 0.67 0.73/0.27 41.3 
Pompeio 26.4 9.10 68 51 47 78 2.5 4.1 0.12 66 3.9 0.7 0.2 -4.43 0.96 0.95/0.05 50.0 
Tartera R 33.0 9.00 58 49 42 66 2.2 3.7 0.13 58 3.3 0.6 0.1 -4.34 -2.54 0.79/0.21 43.7 
Tartera L 43.4 9.20 90 52 28 80 2.3 3.2 0.04 69 4.4 0.7 0.1 -4.38 0.36 0.97/0.03 50.8 
Bosque 21.4 9.60 99 16 16 49 1.4 1.8 0.02 58 2.9 0.5 0.1 -4.89 -4.83 0.57/0.43 34.9 
Bou 27.9 7.60 46 18 27 32 1.5 6.2 0.47 32 1.5 0.3 0.0 -2.91 -2.19 0.36/0.64 26.6 
Canem 1 33.5 8.10 53 30 36 47 1.9 6.9 0.45 41 2.7 0.4 0.1 -3.34 -1.48 0.54/0.46 33.7 
Besort 20.3 7.60 39 12 16 20 1.1 6.0 0.48 22 0.8 0.2 0.1 -3.03 -3.60 0.20/0.80 20.2 
Avellaner 1 20.1 7.40 38 10 16 20 1.1 5.9 0.48 22 0.8 0.2 0.0 -2.84 -1.70 0.20/0.80 20.2 
Titus 2 23.9 7.30 42 13 20 28 1.3 6.2 0.69 28 2.0 0.2 0.1 -2.69 2.36 0.31/0.69 24.6 
Bosch 30.9 9.50 100 15 18 49 1.4 1.8 0.02 55 1.8 0.4 0.1 -4.73 -3.37 0.42/0.58 28.9 
Ferro(*) 12.3 7.00 16 3 16 4 4.9 4.4 0.3 6 0.2 n.a. b.d.l. -2.85 -10.85 0.00/1.00 12.3 
(*)2003 data; n.a.: not analyzed; b.l.d.: below detection limit; Total alkalinity is expressed as HCO3-
Table iv. Hydrochemistry of the Caldes de Boí spring waters (data of IGME, 1984). Calculated charge balance, mixing water proportions and mixing 
water temperatures are also included
Table v. Hydrochemistry of the Caldes de Boí spring waters (data of Asta et al., 2010). Calculated charge balance, mixing water proportions and mixing 
water temperatures are also included
Table V. Hydrochemistry of the Caldas de Boí spring waters (data of Asta et al., 2010). Calculated charge balance, mixing proportions and mixing temperatures are also included  
2003 T (ºC) pH 
Total 
alkalinity Cl SO4
2- Na K Ca Mg SiO2 F Li Al 
Log
pCO2
(g) 
Charge 
Balance
(%) 
Mixing 
proportion 
(hot/cold) 
Tª
mixing mg/L 
Estufa 50.3 8.91 81 42 47 79 2.5 3.4 b.d.l. 73 4.6 n.a. 0.04 -4.01 -0.43 1.00/0.00 50.3 
Baños 48.2 9.05 82 57 31 79 4.7 3.2 b.d.l. 72 4.4 n.a. 0.04 -4.21 -1.50 0.99/0.01 49.9 
Termas 45.8 7.99 56 36 47 79 3.8 3.4 b.d.l. 72 4.6 n.a. 0.04 -3.12 8.50 1.00/0.00 50.0 
Santa Lucía 41.2 8.96 92 55 41 74 2.6 3.4 0.00 69 4.3 n.a. 0.03 -4.04 -9.04 0.93/0.07 47.6 
Salenca 24.7 8.71 59 20 47 56 2.7 4.1 0.15 53 3.1 n.a. 0.02 -4.00 0.60 0.69/0.31 38.5 
TarteraR 38.2 8.81 59 51 56 65 9.8 3.7 0.11 60 3.8 n.a. 0.03 -4.07 -7.16 0.81/0.19 43.1 
TarteraL 42.9 9.00 100 59 62 75 2.5 3.2 0.00 68 4.5 n.a. 0.03 -4.03 -16.27 0.94/0.06 48.0 
Bosque 25.0 9.03 98 16 33 50 1.9 1.9 0.00 55 2.4 n.a. 0.01 -4.12 -10.65 0.61/0.39 35.5 
Bou 25.3 7.57 43 14 16 31 2.5 6.3 0.54 30 1.4 n.a. b.d.l. -2.93 9.39 0.36/0.63 26.0 
Canem 1 24.5 7.16 39 14 28 26 1.7 7.6 0.63 28 1.4 n.a. 0.01 -2.56 -2.37 0.29/0.71 23.3 
Besort 17.9 6.91 39 9 12 20 1.9 7.0 0.62 21 0.9 n.a. b.d.l. -2.35 5.48 0.21/0.79 20.3 
Avellaner 1 17.7 7.20 40 13 10 20 3.2 6.9 0.62 21 0.9 n.a. b.d.l. -2.63 1.99 0.21/0.79 20.3 
Titus 1 20.0 7.30 38 2 20 12 17.2 4.0 0.56 19 1.8 n.a. b.d.l. -2.74 1.00 0.10/0.90 16.1 
Titus 2 20.5 7.24 39 6 20 13 5.4 6.6 0.68 19 1.0 n.a. b.d.l. -2.67 -8.56 0.11/0.89 16.5 
Ferro 12.3 7.00 16 3 16 4 4.9 4.4 0.33 6 0.2 n.a. b.d.l. -2.85 -10.85 0.00/1.00 12.3 
n.a.: not analyzed; b.l.d.: below detection limit; Total alkalinity is expressed as HCO3-
Table vi. Hydrochemistry of the Caldes de Boí spring waters unpublished data from the sampling carried out in 2008. Calculated charge balance, 
mixing proportions and mixing temperatures are also included
Table VI. Hydr hemistry of the Caldas de Boí spring waters unpublished data from the sampling carried out in 2008. Calcul ted charge balance, mixing proportions and mixing 
temperatures are also inclu ed 
2008 T (ºC) pH 
Total 
alkalinity Cl SO4
2- Na K Ca Mg SiO2 F Li Al 
Log
pCO2
(g) 
Charge 
Balance
(%) 
Mixing 
proportion 
(hot/cold) 
Tª
mixing mg/L 
Estufa(*) 50.3 8.91 81 42 47 79 2.5 3.4 b.d.l. 73 4.6 n.a. 0.04 -4.01 -0.43 1.00/0.00 50.3 
Santa Lucía 41.0 9.18 64 56 42 75 2.8 3.2 0.04 73 4.8 0.5 b.d.l. -4.57 -2.52 0.94/0.06 48.0 
Salenca 24.1 9.36 63 45 34 62 1.9 3.7 0.11 61 3.7 0.4 b.d.l. -4.81 -3.24 0.76/0.24 41.1 
Bosque 14.8 9.53 82 20 23 51 1.7 2.2 0.04 58 2.8 0.3 b.d.l. -4.88 -2.96 0.60/0.40 34.9 
Canem 1 18.9 7.37 36 20 18 22 2.1 7.6 0.70 25 1.6 0.1 b.d.l. -2.84 -4.62 0.22/0.78 20.3 
Besort 20.6 7.50 37 21 17 23 3.0 7.2 0.68 25 1.5 0.2 b.d.l. -2.95 -2.91 0.23/0.77 20.7 
Avellaner 1 18.5 7.85 32 10 16 18 1.9 6.9 0.63 21 3.4 0.1 b.d.l. -3.37 -3.15 0.17/0.83 18.3 
Titus 1 23.7 6.51 41 28 28 24 8.5 10.5 1.85 26 2.5 0.1 b.d.l. -1.90 -4.77 0.24/0.76 21.0 
Titus 2 15.9 7.53 25 4 10 13 3.8 2.7 0.31 21 2.4 0.1 b.d.l. -3.18 -1.67 0.09/0.91 15.3 
Ferro 11.8 7.03 18 3 13 6 0.9 5.3 0.41 9 0.8 0.0 b.d.l. -2.84 -7.51 0.00/1.00 0.0 
(*)2003 data; n.a.: not analyzed; b.l.d.: below detection limit; Total alkalinity is expressed as HCO3-
